Background-Accumulating evidence suggests that fetal exposure to maternal psychiatric symptoms is associated with future risk for psychopathology. One potential pathway is distresslinked constriction in uterine or umbilical blood flow (UBF). With approximately 6.6% of pregnant women taking an antidepressant, an ecologically valid investigation of this hypothesis must consider the potential concomitant influence of pharmacotherapy on UBF.
Introduction
Psychiatric disorders increasingly are conceptualized as reflecting deviation in basic dimensions of functioning resulting from genetic and environmental influences occurring over the course of development (1, 2) . The prenatal period is the initial window for the identification of factors impacting neurobehavioral trajectories (3) . Accumulating evidence suggests that maternal distress during pregnancy leads to decrements in children's cognitive and psychosocial development, independent of maternal postnatal symptoms (see (4) (5) for reviews) 1 . Animal models are consistent, showing associations with increased distractibility and anxiety in offspring (6) (7) .
Investigations of the developmental impact of prenatal psychiatric illness are incomplete without consideration of the potential influence of psychotropic pharmacotherapy. Some human and animal studies indicate that in utero exposure to selective serotonin reuptake inhibitors (SSRIs) may contribute to poor perinatal outcomes (8) (9) (10) (11) , and adverse offspring neurobehavioral development including altered hypothalamic-pituitary-adrenal (HPA) axis regulation and pain sensitivity in humans (12) (13) , and elevated fear and anxiety in rodents (14) . Offspring neurodevelopment following prenatal exposure to atypical antidepressants and antipsychotics has not been formally studied, yet both classes of agents have been associated with pregnancy complications that may be relevant to neurodevelopment. Similar to the SSRI fluoxetine (15) (9) , one study suggests that bupropion may be associated with a higher rate of spontaneous abortion (16) . Similarly, the use of atypical antipsychotics during pregnancy has been linked to both low (17) (18) and high (19) birth weight, each of which has long-term health implications.
Identification of the biological mechanisms mediating associations between prenatal distress, medication exposure, and child outcomes has proven complex. One potential pathway conveying offspring vulnerability is variation in uterine or umbilical blood flow (UBF) (20) (21) . Briefly, during pregnancy, placental trophoblastic cells invade the uterine wall and migrate the entire length of the maternal spiral arteries. Remodeling of these high resistance arteries results in low resistance and high flow circulation in the intervillous space, optimizing oxygen and nutrient delivery to the fetus (22) . Doppler ultrasound of the two uterine and one umbilical arteries allows for the characterization of vascular flow and resistance, making it possible to infer information about blood flow on the maternal and fetal sides of the placenta. When the placental microcirculation is impeded, this leads to higher measures of velocimetry, identified in the pulsatility and resistance indices in uterine and umbilical arteries (PI and RI, respectively).
There is widespread assertion that depression and anxiety-associated reductions in UBF may be a pathway by which maternal distress is 'transduced' to the fetus, affecting neurodevelopmental outcomes (20) (23) . Previous UBF studies have demonstrated a decrease in flow associated with maternal anxiety (24) (25), though there are discordant data 1 Throughout the paper, we use 'distress' as an umbrella term to encompass anxiety, depression, and stressful life events because (1) these syndromes/experiences are highly comorbid/co-occurring; (2) to date, the literature on prenatal influences on child outcomes lacks specificity with respect to unique associations between maternal mood and child outcomes. (26) (27) (28) . Importantly, substantial methodological differences across these investigations impede definitive conclusions: 1) gestational timing of Doppler assessment; 2) method of symptom assessment (self-report vs. clinician-rated; in-person vs. phone interview); 3) proximity of symptom assessment to UBF assessment; 4) UBF indices reported (uterine versus umbilical artery; highest versus mean resistance value; right versus left uterine artery (though the two do not differ in clinical importance and the mean is a common index in the obstetrical literature; 5) multiple sonographers without inter-reliability assessments; and 6) limited control for potential confounds (i.e., smoking, parity, obstetrical complications, medications).
With respect to psychotropic medications and UBF, serotonin is a uterine vasoconstrictor; in animal studies, fluoxetine administration is associated with a transient decrease in UBF (29) and direct injection of serotonin into the uterine vasculature was found to reduce blood flow acutely by 20% (29) . Finally, dopamine infusion has been shown to reduce UBF in sheep (Fishburne et al 1980) . Animal models also have demonstrated that dopamine antagonists are associated with risk for hypertension and other manifestations of vasoconstriction (30) .
To date, there is no investigation of UBF in relation to both maternal mood and psychotropic medication use, though the potential overlap in the pathophysiological mechanisms of alterations in UBF related to neuropsychiatric illness and its treatment, and the ecological validity of such an approach, are clear. For this study, we hypothesized that pregnant women undergoing psychiatric care are likely to show significant reductions in UBF (based on their elevated vulnerability for experiencing psychological distress and use of psychiatric medications), and that the assessment of UBF in a well-characterized, high-risk sample of pregnant women undergoing psychiatric care would provide a novel support for the hypothesis that UBF is a mediator for vulnerability in the offspring. Consistent with the prior UBF reports, as well as data showing high co-morbidity of these syndromes of 'distress' (31), we did not have unique predictions for anxiety or depressive symptoms. To respond to the methodological weaknesses in the existing studies, the present study includes: all of the UBF indices, a single sonographer, symptom ratings concurrent with the Doppler study, and detailed longitudinal information on maternal symptoms, medication use, and other potential confounds.
Methods and Materials Overview
The study was conducted at the Women's Mental Health Program (WMHP) at the Emory University School of Medicine. Women with lifetime histories of mental illness (SCID) participating in a longitudinal investigation of the impact of perinatal maternal stress on child neurobehavioral outcomes (P50 MH 77928) were screened for inclusion in the current analysis. Participants were enrolled prior to 16 weeks gestation, and evaluated at 4-6 week intervals through 26 weeks postpartum. At approximately 25 weeks gestation, women underwent an ultrasound examination of uterine and umbilical artery blood flow between 1600-1700 hours. All mood and medication results were coded with a HIPAA compliant identifier and entered into a centralized database. The investigation was carried out in accordance with the latest version of the Declaration of Helsinki. The study was reviewed and approved by the Emory University Institutional Review Board. Informed consent of the participants was obtained after the nature of the procedures had been fully explained.
Participants
Pregnant women between the ages of 18-45 were referred to a tertiary care program providing treatment to pregnant women with histories of mental illness. Referral sources included obstetrical and mental health care providers. Women were excluded from participation if they were: suicidal or homicidal, evidencing psychotic symptoms, carried a primary diagnosis of a psychotic disorder, or had an active eating or substance use disorder within 6 months prior to conception.
Psychosocial and obstetric covariates
Information on women's age, parity, gravidity, race/ethnicity, smoking, body mass index (BMI), education, marital status, and whether pregnancy was planned and/or desired was obtained at the study enrollment.
Maternal diagnosis and symptoms of depression and anxiety
At enrollment, lifetime diagnoses were established using the Structured Clinical Interview for Diagnosis (SCID) (32) . Approximately every 4-6 weeks, participants completed the selfrated Beck Depression Inventory (BDI) (33) . In addition, a research interviewer masked to treatment status administered the 17-item Structured Interview Guide (34) for the Hamilton Rating Scale for Depression (35) (HRSD-17) and the Hamilton Rating Scale of Anxiety (HRSA) (36) . A BDI was collected at the time of the Doppler UBF assessment. Quarterly inter-rater reliability assessments were conducted throughout the study to maintain kappa statistics > 0.8 on all clinician-administered instruments.
Medication use
At enrollment and all follow up visits, study psychiatrists (ZNS, DJN) interviewed participants to document all exposures to medications and tobacco, and any changes in treatment. Medications were categorized as: (1) serotonergic antidepressants including SSRIs and SNRIs, (2) bupropion, (3) lamotrigine, (4) atypical antipsychotics, (5), benzodiazepines, and (6) cardiovascular medications, i.e., antihypertensives and antithrombotics.
Doppler ultrasound
All UBF examinations were performed by the same board certified maternal fetal medicine specialist (JHK) using a Seimens Sequoia 2-D and Doppler Ultrasound (Malvern, Pennsylvania) or a GE Voluson E8 (Milwaukee, WI) and a 3.5 Mhz curvilinear transabdominal probe. Gestational age was estimated to the nearest day by ultrasounddetermined fetal biometry using software installed by Hadlock charts of biparietal diameter. Waveforms later were analyzed by the same operator (JHK) masked to psychiatric symptom data, lifetime diagnosis, and treatment status. The main branch of the uterine artery was identified at its junction with the internal iliac artery using color Doppler ultrasound; from here blood flow velocity waveforms were obtained. Waveforms were recorded from both uterine arteries, and umbilical artery in standard fashion. The artery resistance measures included: left and right uterine artery RI, the sum and the maximum of the two uterine RIs, and the umbilical artery RI. The pulsatility measures included: left and right uterine artery PI, the sum and the maximum of the two uterine PIs, and the umbilical artery PI.
Data Analysis
Descriptive analysis was performed to summarize the characteristics of the study population. We assessed acute, proximal, and chronic exposures across a variety of domains, including (1) maternal depression at the time of the UBF assessment (acute BDI); (2) maternal depression and anxiety within two weeks of the UBF assessment (proximal HRSD-17, HRSA); (3) maternal depression and anxiety between conception and the UBF assessment (adjusted to a standard 25-week duration) as represented by Area Under the Curve (AUC) calculation from serial symptom ratings using the trapezoidal method (chronic BDI, HRSD-17, HRSA); 4) medication exposure by medication class at the time of the UBF assessment as determined by clinician interview on that day (acute medication); and (5) weeks of exposure by medication class from conception to the UBF assessment (adjusted to a standard 25-week duration) as determined by clinician assessments during serial study visits (chronic medication).
Initial bivariate hypothesis testing utilized Pearson correlational analysis and Wilcoxon tests. Pearson correlation coefficients were computed to assess the associations of each UBF outcome variable with each depression and anxiety measure (acute, proximal, or chronic), and each chronic medication exposure operationalized as number of weeks exposed. Wilcoxon tests were used to compare each outcome variable between subjects with and without acute medication exposure.
Multiple linear regression models were used to assess concurrently the impact of exposure to maternal depression and a pharmacological agent upon UBF indices. The same models were repeated for exposure to maternal anxiety, which replaced the depression indices. The first set of regressions modeled the effect of acute exposures to maternal depression (acute BDI score) and a pharmacological exposure of interest (serotonergic antidepressant or bupropion) on each UBF measure while adjusting for confounders. Candidate confounders included BMI, maternal age, gravidity (1 vs others), parity (0 vs others), maternal education level, the number of marriages for the mother (1 vs others), whether the pregnancy was planned, and whether the pregnancy was desired. Backward model selection based on Akaike Information Criterion (AIC) (37) was used to choose the final model in the regression analysis for each UBF outcome variable, where the acute BDI score and acute pharmacological exposure of interest (i.e., serotonergic antidepressant or bupropion) were always retained in the model. The multiple linear regression analyses were then repeated to assess the effect of chronic (between conception and date of the UBF) exposures including chronic depression (AUC for BDI) and chronic pharmacological exposure of interest (number of weeks exposed to a serotonergic antidepressant or bupropion) while adjusting for confounders. In the regression analyses with depression exposure replaced by anxiety, the anxiety variables were proximal HRSA and chronic HRSA, respectively.
Results
One hundred and one women (n=101) completed the Doppler assessment at 24.8 weeks gestation (range was 22-28 weeks) though due to difficulties with equipment and/or fetal position, there were missing values for the various UBF indices. Specifically, for the resistance indices, 0-11 women had one or more missing values; for the pulsatility indices, the range was 25-28 women. (See Table 1 for descriptive information on the study sample.) A limited number of subjects (n=15) had one of three medical complications of pregnancy (gestational diabetes, oligo-or polyhydramnios, hyperemesis gravidarum) or endorsed tobacco use/exposure. Medication use is reported in Table 2 . The range and variability of scores on each psychiatric symptom index (see Table 3 ) indicate that a portion of participants were experiencing moderate depression (average 3 rd quartile scores on the acute BDI and the proximal HRSD-17: 12 and 11.8, respectively, range 0-28 and 1-37, respectively), and mild proximal anxiety (HRSA) (3 rd quartile score = 11, range 1-23).
Average values for RI and PI are given in table 4. At 25 weeks gestation, a PI of .89 has been reported to be at the 50 th percentile (38) . Criterion for an abnormal RI -that is, one that can predict a medically-compromised pregnancy outcome such as preeclampsia and growth restriction -has varied from a single cutoff (e.g., RI > 0.58) to a percentile cutoff value (e.g., 75 th , 90 th , 95 th ) (22) . In this study, 21.8% and 16.0% of women had an RI > 0.58 RI for the left and right uterine arteries, respectively.
Bivariate analyses of UBF and depression or anxiety
There were no significant associations between the acute, proximal, and chronic measures of maternal depression (BDI, HRSD-17) or anxiety (HRSA) and blood flow indices. Stratified analysis excluding participants who smoked or had any of three identified complications of pregnancy did not alter these results.
Bivariate analyses of UBF and pharmacologic exposure
Significant associations between UBF measures and pharmacological exposure were limited (see . No UBF indices were associated with acute or chronic exposure to lamotrigine or benzodiazepines. Chronic medication exposure revealed the following positive UBF associations: 1) serotonergic antidepressant with right uterine artery PI; 2) bupropion with umbilical and left uterine artery RI; and 3) cardiovascular medication with umbilical artery RI. Excluding participants who smoked or had an obstetrical complication produced little difference in the findings except that the association between serotonergic antidepressant exposure and right uterine artery PI was no longer significant and a significant relation between atypical antipsychotic exposure and umbilical artery RI emerged.
Significant associations between acute pharmacological exposure and UBF measures were also limited (cf. Table 6 ). Women with acute bupropion exposure had higher RIs in the left uterine artery and in the sum of the uterine artery values (t= 0.10, p = .01 and t =0.13, p =.
03), and those who had smoked within 24 hours of the assessment had higher umbilical artery RIs (t = 0.25, p = .02). Surprisingly, acute exposure to a serotonergic antidepressant was associated with a lower RI in the left uterine artery (t = − 0.06, p = .03). Excluding participants who smoked or had a pregnancy complication eliminated the finding with a serotonergic antidepressant while the differences associated with bupropion exposure remained significant (data not shown).
Multivariate analyses of UBF in relation to depression and pharmacological exposure
In a series of multiple regression analyses, we examined the effects on UBF of both exposures -psychiatric symptoms and medication use -in the context of each other while also controlling for other potential confounds (see statistical approach, above). The first set of regression analyses, using acute depression and acute serotonergic antidepressant as principal independent variables, showed an adjusted effect of serotonergic antidepressant use associated with a lower left uterine artery RI (p =.04, n= 93); the BDI score was not significant. Removal of subjects who smoked or had pregnancy complications made this finding insignificant, and no others emerged. The regression analyses of chronic depression and chronic serotonergic antidepressant exposure also yielded no significant findings.
The regression analyses using depression and bupropion exposure as principal independent variables, acute and then chronic exposure, yielded the following findings: both acute and chronic bupropion exposure were associated with higher left uterine artery RI (p =.034, n= 92; p =.048, n= 90, respectively) and higher umbilical artery RI (p =.018, n= 81; p =.012, n= 79, respectively). In these analyses, there were no significant effects of BDI on UBF indices. These results remained statistically significant following removal of participants who smoked or had pregnancy complications (data not shown).
Multivariate analyses of UBF in relation to anxiety and pharmacological exposure
Regression analyses, using proximal anxiety and acute serotonergic medication as principal independent variables, showed similar results to those based on maternal depression: an adjusted effect of acute serotonergic antidepressant use associated with a lower left uterine artery RI (p =.032, n= 77) (data not shown); the proximal anxiety score was not significant.
The regression analyses of chronic anxiety and chronic serotonergic medication exposure as independent variables yielded no significant findings, similar to the model using depression.
Regression analyses using anxiety and bupropion exposure as principal independent variables mirrored those using depression (data not shown): both acute and chronic bupropion exposure were associated with higher left uterine artery RI (p =.027, n= 77; p =. 042, n= 89, respectively) and higher umbilical artery RI (p =.008, n= 67; p =.013, n= 78, respectively). There were no significant effects of the anxiety variables.
Discussion
Burgeoning research collectively known as the Fetal Origins of Adult Disease (3, 39) has provided the background for the hypothesis that maternal distress during pregnancy may influence perinatal development and outcomes via mood-based constriction in uterine and/ or umbilical blood flow (20, 23) . Focusing on a sample of 2 nd trimester pregnant women highly vulnerable to significant mood dysregulation, our study found no significant association between depression or anxiety and reductions in uterine or umbilical blood flow. However, our report provides the first human evidence that bupropion use may be associated with a reduction in UBF.
Using acute, proximal and chronic assessments of maternal prenatal depression and anxiety, we found no association with any of the indices used to measure uterine and umbilical blood flow. Since the original study by Teixeira et al. (24) , the effect estimates of any associations between prenatal mood and UBF have been quite small, particularly following adjustments for confounds (28, 40) . Of the seven published reports on UBF and maternal prenatal mood (26, 28, 40, 41, 42) , only two (24) (25) have strong positive findings. The absence of an association between prenatal maternal distress and UBF indices now includes similar results on a sample of women with psychiatric histories. The predominantly negative findings regarding UBF as a conduit of maternal distress to the developing fetus underscores the need for further investigation of the maternal/fetal/placental interface to discover insights into the pathways of these earliest influences on development (43) .
We did not find significant associations between serotonergic antidepressant use and reduced UBF. The one significant finding between chronic serotonergic antidepressant use and a higher PI in the right artery, in the context of multiple comparisons, was no longer significant once women with pregnancy complications were removed from analyses. The one other significant relation was an inverse association between acute serotonergic antidepressant exposure and the left uterine artery RI. In contrast to the animal studies on the vasoconstrictive effects of fluoxetine (29, 44) , our results are consistent with a recent report showing no differences in 3 rd trimester uterine and umbilical PI between women taking SSRIs versus no psychiatric medication use (45) .
Chronic and acute use of bupropion was associated with reduced UBF. Because bupropion is used as an aide to smoking cessation, its cardiovascular and hemodynamic effects has been subject to investigation. In a study using standardized laboratory stressors, bupropion treated adults showed greater total peripheral resistance increases compared to controls (46) while a report of smokers who had recently quit showed that bupropion use was associated with maintenance of physiological arousal (i.e., in blood pressure heart rate, plasma epinephrine and norepinephrine) between stressor and rest periods whereas controls had lower physiologic activity (47) . An in vitro study of human cardiac tissue found that bupropion exerts indirect sympathetic activation in the myocardium, possibly via catecholamine release (48) . Animal models of acute bupropion injection indicate that it leads to an increase in systemic vascular resistance index (49, 50) . To our knowledge, the vasoconstrictive effects of bupropion have not been studied in human pregnancy or animal models of pregnancy.
Chronic use of atypical antipsychotics and nicotine exposure also were associated with increased uterine RIs, though, unexpectedly, the effect for antipsychotics only emerged once women using tobacco were removed from analyses. With respect to the data on atypical antipsychotics, in animal studies of dopamine receptors, blocked receptor activity is associated with hypertension (30), though we do not know of any investigations of this effect in pregnancy. These findings are relevant for research on schizophrenia: 1) higher rates of obstetrical complications in women with schizophrenia may be related to the use of antipsychotics and an associated reduction in UBF; 2) fetal hypoxia has been identified as a risk factor for schizophrenia and variation in UBF, whether related to psychotropic medications and/or smoking, may be a variable to consider in this association.
While intriguing, these results on psychotropic medication effects require replication. Moreover, nearly 80% of the women had normal RI indices (based on the 0.58 cut off). However, consistent with the Fetal Origins of Adult Disease model, the clinical relevance of these results lies in the potential for psychotropic medication use to cause subtle variation in oxygen and nutrient delivery to the fetus and thereby influence neurobehavioral development.
It is estimated that 6.6% of women are prescribed an antidepressant during pregnancy (51) , and rates of prenatal antipsychotic exposure remain unknown, underscoring the critical need to examine potential effects of psychotropic medications on maternal and fetal perinatal well being. Disentangling the impact of prenatal exposure to maternal psychiatric symptoms versus psychotropic agents is a critical challenge fueling on-going debate.
Strengths of this paper include a well-characterized, relatively homogenous clinical sample of pregnant women with carefully documented psychiatric histories, enabling us to ask the clinically-relevant question of the effects on UBF of prenatal mood and psychotropic medication use, in the context of considering the other factor as well. A single maternal fetal medicine specialist (JK), masked to participant psychiatric symptoms and psychotropic medication use, performed and interpreted all of the Doppler flow velocity wave forms, minimizing error introduced by coder variability. In response to inconsistent results in prior studies that were based on different indices for measuring blood flow and variability in the way maternal prenatal mood was assessed, we included all of the possible blood flow indices, as well as acute and chronic measures of mood symptoms based on self report and in-person interview.
This study has some limitations. This study was conducted with a clinical sample and thus the results may only generalize to that population. There was no objective verification of psychotropic medication use, though prior reports show a high correlation between selfreport and verified data on medication use during pregnancy (52) . Prior papers on UBF in relation to maternal mood, as well as more general papers on UBF during pregnancy, do not include data on women's cardiovascular functioning, as we did not in this study, though such information might be useful.
Mounting evidence indicates that a child's developmental trajectory can be shifted in the direction of risk as early as the prenatal period, and in relation to factors that affect the fetal environment, such as pregnant women's psychiatric symptom profile and the associated biological alterations. Data presented in this paper, and consistent with other reports, suggest that, contrary to a popular hypothesis, depressed or anxiety-based reductions in UBF are not a pathway by which risk is conferred during prenatal development. However, our findings suggest the possibility that psychotropic medication use during pregnancy, specifically bupropion, may be associated with reductions in UBF, which could affect fetal neurobehavioral development and/or birth outcomes. These results need to be replicated prior to formal inclusion in the risk/benefit assessment for psychotropic therapy during pregnancy. Table 1 Demographic and clinical characteristics of study sample (n=101).
Characteristic Mean (SD) or n (%)
Age ( 1 Percentage with chronic exposure represents proportion who were exposed to an agent within the class at any time between conception and the date of the UBF assessment. Percent with acute exposure represents proportion who were exposed to an agent within the class with 24 hours of the UBF assessment. For the resistance index, data were missing for n = 0-11 participants. 2
For the pulsatility index, data were missing for n = 25-28 participants.
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